Substituting Al for Ti in TiN(0 0 1), TiN(0 1 1), and N-and Ti-terminated TiN(1 1 1) surfaces has significant effects on adatom surface energetics which vary strongly with the adatom species and surface orientation. Here, we investigate Ti, Al, and N adatom surface dynamics using density functional methods. We calculate adatom binding and diffusion energies with both a nudged elastic band and grid-probing techniques. The adatom diffusivities are analyzed within a transition-state theory approximation. We determine the stable and metastable Ti, Al, and N binding sites on all three surfaces as well as the lowest energy migration paths. In general, adatom mobilities are fastest on TiN(0 0 1), slower on TiN(1 1 1), and slowest on TiN(0 1 1). The introduction of Al has two major effects on the surface diffusivity of Ti and Al adatoms. First, Ti adatom diffusivity on TiN(0 0 1) is significantly reduced near substituted Al surface atoms; we observe a 200% increase in Ti adatom diffusion barriers out of fourfold hollow sites adjacent to Al surface atoms, while Al adatom diffusivity between bulk sites is largely unaffected. Secondly, on TiN(1 1 1), the effect is opposite; Al adatoms are slowed near the substituted Al surface atom, while Ti adatom diffusivity is largely unaffected. In addition, we note the importance of magnetic spin polarization on Ti adatom binding energies and diffusion path. These results are of relevance for the atomistic understanding of Ti 1−x Al x N alloy and Ti 1−x Al x N/TiN multilayer thin-film growth processes.
Introduction
The Ti 1−x Al x N alloy system has long attracted significant attention. Since alloying TiN with AlN can be used to improve properties such as hardness [1] [2] [3] [4] [5] [6] and oxidation resistance, [7] [8] [9] Ti 1−x Al x N thin films currently enjoy a wide range of applications, from wear-resistant coatings for high-speed cutting tools [10] to use as bio-implant coatings. [11] Ti 1−x Al x N is a metastable alloy which can be synthesized by low-temperature kineticallylimited physical vapor deposition, in which phase separation is hindered by lack of bulk diffusion and limited surface diffusion. However, when subjected to high temperatures, e.g., during highspeed cutting-tool operations, such metastable coatings separate into TiN and either NaCl-or wurtzite-structure AlN as bulk diffusion becomes active. [12] [13] [14] [15] This is believed to be responsible in part for the improved wear resistance of TiAlN coatings which has been extensively studied both experimentally [12, 13, 15] and theoretically. [12, [15] [16] [17] [18] During growth, limited short-range clustering is likely to occur [19] and must be taken into account in order to obtain a complete atomistic understanding of these materials.
Atomic-scale simulation is necessary in order to understand the dynamics of micro-and nanostructural evolution in Ti 1−x Al x N thin films. Knowledge of adatom dynamics is difficult to obtain experimentally due to the short time scales involved. Instead, first-principles calculations, often within transition state theory (TST), [20, 21] have been extensively used to provide valuable insight into the surface kinetics of elemental metals, [22] [23] [24] binary compounds such as TiC, [25, 26] and the parent compounds of Ti 1−x Al x N, TiN [26] [27] [28] [29] [30] and AlN. [31] Going beyond static approximations, ab initio and classical molecular dynamics have proven valuable to elucidate mechanisms of adspecies migration [32, 33] and to model thin-film growth. [34] With the knowledge from such computational investigations, experimental results based upon, for example, variable-temperature scanning tunneling microscopy (STM) [35] [36] [37] [38] [39] and synchrotron x-ray scattering, [40] can be better understood.
When investigating an alloy system such as Ti 1−x Al x N, an additional degree of complexity, the configurational effects of Ti and Al cation site disorder can dramatically influence adatom kinetics. Previous modeling work on alloy diffusion, e.g., in bulk Li x CoO x by Van der Ven et al.
and on the CuSn(1 1 1) surface by Chen et al., has provided methods for modeling configurational disorder. [41] [42] [43] [44] Recently, we showed that Ti adatoms experience considerably slower migration rates on disor-dered Ti 0.5 Al 0.5 N(0 0 1) compared to the binary TiN(0 0 1) surface. [45] However, the effect on Al adatoms was found to be small. Disorder effects on cation diffusion on other low-index Ti 1−x Al x N surfaces and the role of N adatoms are still unknown.
The aim of this study is to extend the understanding of cation diffusion on (0 0 1), (0 1 1), and (1 1 1) Ti 1−x Al x N surfaces, and to compare Ti, Al, and N adatom dynamics on both pure TiN and AlN-substituted TiN surfaces. By focusing, in this work, on the dilute Al limit, we isolate the impact on diffusion energetics, due to Al cations, from configurational disorder effects and elucidate both the magnitude and range of the effects of Al surface atoms on adatom diffusion. We show results for Ti, Al, and N adatoms on all three low-index TiAlN surfaces, determine the impact of Al surface atoms on adatom kinetics, and discuss the consequences for TiAlN nanostructural evolution during film growth.
Methodology
Density functional theory [46] (DFT) calculations are performed with the Vienna Ab-initio Simulation Package [47, 48] (VASP). The standard projector augmented wave [49] (PAW) approach [50] is used together with the Perdew-Burke-Ernhofer generalized gradient approximation [51, 52] The TiN surfaces are modeled with 108-atom supercells, 6 layers for (0 0 1), and (0 1 1) slabs and 9 layers for the polar (1 1 1) slab. To define the surface, a vacuum slab of 25 Å is added above the supercells (see Fig. 1 ). The supercells are 3 × 3 unit cells in-plane, all layers are allowed to fully relax, and the surface energies of TiN(0 0 1) and TiN(0 1 1) are converged for up to 8 layers, TiN(1 1 1) is converged for odd numbers of layers up to 17.
The choice of approximation for exchange and correlations effects influences the quantitative values of calculated surface energies and adsorption energetics. Semi-local GGA-type XC functionals tend to overestimate adsorption energies and underestimate the surface energy, while the local density approximation (LDA) tends to do the opposite. [54] Advanced methods, such as hybrid functionals or explicit many-body theory frameworks, which describe surface effects at a higher level of accuracy, are still too computationally intensive to be a reasonable choice for the present study focusing on adatom dynamics on large disordered surface slabs. Thus, we began by performing a benchmark test of the influence of different exchange-correlation approximations on the energetics of adatom migration by comparing LDA [55] and GGA-PBE approximations, which are expected to bracket the influence on calculated structural properties due to differences in how the techniques treat exchange and correlation effects. A comparison of the lowest energy pathway for a Ti adatom, from one fourfold hollow site to another on TiN(0 0 1) using a 3x3x3 supercell, is shown in Fig. 2 . As can be seen, there are no qualitative differences between the curves; however, LDA yields stronger adsorption energies and higher diffusion barriers. Even though the relative differences are small, they enter exponentially into the jump probability expression. This underlines the fundamental difficulty in obtaining accurate quantitative values of diffusion coefficients directly from theoretical calculations regardless of the method applied to modeling atomic migration. In this study, we are primarily interested in qualitative mechanistic comparisons, e.g., differences in adatom mobilities on different crystal surfaces and the effects caused by configurational disorder. Thus, the level of uncertainty caused by the XC-approximation is not crucial.
In addition, we have taken adatom magnetic degrees of freedom into account. Fig. 2 shows that the Ti adatom adsorption energy at, and close to, a bulk site is dramatically different with magnetism included. The effect on the energetics are largest when using PBE-GGA. Neglecting spin polarization at specific positions on the surface can be detrimental for understanding even the Fig.3 for site descriptions) on TiN(0 0 1) calculated using PBE-GGA and LDA, with and without magnetic degrees of freedom. E ad is the Ti adatom adsorption energy, E TiN 0 is the adsorption energy at the stable fourfold hollow site, and nm is non-magnetic.
qualitative adatom migration path, not just quantitative barrier values, as will be discussed in the section on Ti adatoms below, Sec. 4.1.
The surface energy, E s , is defined as
in which E slab is the energy of the slab, E bulk is the bulk energy for the corresponding number of atoms, A is the surface area, and the factor two accounts for the bottom as well as the top surface of the supercell. For the (1 1 1):N surface, the additional n N N atoms in the top N layer are accounted for by subtracting n N · E N2 /2 from E slab , where E N2 /2 is half the N 2 bond energy.
The adatom calculations are performed with the lower six substrate layers (two N and two
Ti layers for (1 1 1)) fixed at bulk positions. The (1 1 1) is a polar direction for TiN, in which the surface termination layer is composed of only one atomic species, Ti or N. Therefore, we use TiN(1 1 1):N termination for investigating cation surface diffusion and TiN(1 1 1):Ti termination for anion diffusion.
Two approaches are employed to investigate surface diffusion energetics. The first is to probe the TiN surfaces with adatoms positioned at each point of a specified surface grid and calculate adsorption energies. Adatoms are maintained at fixed positions within the plane and allowed to relax normal to the plane. The surface atoms are allowed to relax in all three orthogonal directions.
Points in the surface grid are separated by 0.15 Å in x and y directions, and the origin is at the Al substitution site. The shape of the grid is chosen with respect to the surface symmetry, minimizing the number of required calculations. This methodology, similar to that used previously, [45] provides a rapid overview of stable and metastable adsorption sites on each surface. The second approach employs the nudged elastic band method to determine the minimum energy path between surface binding sites, thus providing quantitative values of adatom diffusion energy barriers. [56] [57] [58] The adatom adsorption energy is calculated as
in which E conf ig is the energy of the atomic configuration being investigated and E vacuum atom is the adatom energy in vacuum.
We define the surface diffusion path as the minimum energy path for an adatom migrating between stable adsorption sites. The diffusion path results in Section 4 present energies which are referenced to the strongest binding site on the corresponding clean TiN surface. In-plane distances are measured from the point on the diffusion path that is closest to an Al surface atom. The primary adatom binding sites are shown schematically in Fig. 3 .
The diffusion barrier ∆E is defined as 
with D o defined as
for which ν 0 is the attempt frequency and l is the jump length. The exponential term in Eq. (4) is the success probability of a migration attempt. To obtain an estimate of the adatom jump attempt frequency, we use the harmonic oscillation approximation,
in which ∂ 2 E/∂x 2 is the second derivative of the binding site adsorption energy with respect to the distance along the diffusion path and m is the mass of the adatom. Details associated with calculating the jump frequencies are presented in Appendix Appendix A. 
Adatom surface site energetics
Sec. 4 is divided into three subsections describing the dynamics of Ti, Al, and N adatoms, in which we focus on migration energies and determine diffusion barriers. We also determine the effects on adatom migration energetics of substituting surface Al at a cation site, Al Ti .
Readers interested in the implications of our results on adatom diffusion on all three surfacesTiN(0 0 1), TiN(0 1 1), and TiN(1 1 1):(N,Ti) -are referred to Sec. 5, where we also discuss the role of Al Ti substitution on adatom diffusion properties.
Ti adatom migration energetics
Ti adatom adsorption energy landscapes are presented in Fig. 4 for TiN(0 0 1), (0 1 1), and ( 1 1 1) surfaces. A larger absolute magnitude of the negative adsorption energy represents stronger adatom binding to the surface. Adatom diffusion is restricted to the low-energy valleys of the surface. We find that the preferred Ti adatom binding site on TiN(0 0 1) is the fourfold hollow site, and the bulk epitaxial site atop N is metastable (see Fig. 4 are no significant metastable sites. The stable positions on the N-terminated TiN(1 1 1) surface is also the bulk site, with a metastable site atop a second-layer Ti atom.
There are large differences in Ti adatom adsorption energies among the three surface orientations, see Table 2 . The fourfold hollow site on TiN(0 0 1), E ad = −3.41 eV, and the bulk epitaxial site on (0 1 1), E ad = −6.80 eV, and (1 1 1) surfaces, E ad = −9.92 eV, are the strongest binding sites.
Surface diffusion barriers are presented in Table 3 . Here, we see that the activation barriers also differ significantly for the three surface orientations, ranging from ∆E act = 0.36 eV on TiN(0 0 1), to 1.66 eV on TiN(1 1 1), to 2.31 eV on TiN(0 1 1). Table 2 . The effect of Al Ti on Ti adatom binding in fourfold hollow sites is confined primarily to within the first coordination shell, although minor changes in adsorption energy, less than 0.05 eV, are observed even in the fourth coordination shell about the Al Ti atom.
We find that accounting for the magnetic spin of the Ti adatom has a significant effect on local adsorption energies. The most important effect is stronger binding at the metastable bulk site on TiN(0 0 1). The adsorption energy at this site increases by 0.14 eV, raising the diffusion barrier for a Ti adatom to migrate from a bulk site to a fourfold hollow site by almost a factor of four, from 0.05 to 0.17 eV, when magnetism is included. In addition, the barrier for Ti adatom jumps from the stable fourfold hollow site into the bulk site is slightly lower, decreasing from 0.38 eV to 0.36 eV, when magnetism is included. Although the barrier difference in this case is small, the stronger binding at the bulk site increases the occupation time at this site enough to significantly alter Ti adatom diffusion dynamics on TiN(0 0 1). Introducing an Al Ti atom strengthens Ti adatom adsorption along the diffusion path in the ⟨0 1 1⟩ direction adjacent to the Al Ti atom, similar to the case for the (0 0 1) surface. The difference is that the barriers for Ti adatom diffusion are much higher on the (0 1 1) surface, such that the relative change due to Al Ti substitution is smaller. There are two effects: the adsorption energy at the saddle point closest to the Al Ti atom decreases and the Ti adsorption energy at the closest bulk sites increases from −6.80 to −6.98 eV. The combination leads to a decreased diffusion barrier, from 3.31 to 2.00 eV. Although the absolute change in energy is twice that on the (0 0 1) surface, 0.31 eV, this is only a 14% relative change due to the much higher barriers on TiN(0 1 1). For the diffusion path in the ⟨1 0 0⟩ direction on (0 1 1), the effect is the opposite; there is an increase in the diffusion barrier, from 4.26 to 4.77 eV, also a small change compared to the magnitude of the diffusion barrier. At the metastable binding site atop the Al Ti atom, the adsorption energy increases by 0.27 eV to -9.24 eV. Adsorption energies at the closest bulk sites decrease by 0.14 eV to -9.78 eV, resulting in a corresponding increase in the diffusion barrier between the bulk site and the first atop Ti site.
Another effect of Al Ti substitution in the TiN(1 1 1):N surface is that an Al atom introduced at a Ti position in the layer beneath the N-termination will relax upward into the N layer, leaving a cation vacancy (see Fig. 8 ). However, as soon as a Ti or Al adatom migrates close to the Al Ti atom, it moves back to the upper metal layer. Therefore, care must be taken when adsorption energies are calculated for positions close to the Al Ti surface atom on (1 1 1). We evaluate the energy path for both starting configurations, a fully-relaxed slab and one with the Al Ti atom in the upper metal layer. E ad = −5.84 eV. A summary of Al adatom adsorption energies is presented in Table 4 .
Al adatom migration energetics
Two general aspects should be noted regarding Al adatoms. First, in Fig. 9 we see that the Al adsorption energy at stable bulk sites increases from TiN(0 0 1), to TiN(0 1 1), to TiN (1 1 1) .
Secondly, Table 5 shows that surface diffusion activation barriers are considerably lower on the However, the second saddle point, between the nearest-neighbor bulk site and the second metastable site is strongly affected, the adsorption energy decreases from E ad = −4.93 to −4.40 eV, thus increasing the diffusion barrier by 0.25 eV to ∆E = 1.16 eV; the barrier in the opposite direction is increased to ∆E = 0.85 eV. Table 6 .
As shown in Fig. 13(a) , the preferred binding site on TiN(0 0 1) is the threefold site located in the middle of the triangle formed by a N and two Ti surface atoms and near the N surface atom with E ad = −4.15 eV. The fourfold hollow site is metastable, with E ad = −3.48 eV. The saddle point located between threefold sites has an adsorption energy E ad = −3.85 eV, and the saddle point located between a threefold site and a fourfold hollow site corresponds to E ad = −3.32 eV.
Adsorption at N bulk sites, E ad = −2.95 eV, is much weaker than at the stable threefold site.
Therefore, diffusion paths through N bulk sites on TiN(0 0 1) are highly improbable.
On the (0 1 1) surface, Fig. 13(b) , the N bulk site is the stable site for a N adatom with E ad = −6.12 eV, and the bridge site, located at the bond center between adjacent Ti and N surface atoms, is metastable with E ad = −4.93 eV. The saddle point between them has an adsorption energy The N diffusion barriers are presented in Table 7 . Diffusion activation barriers for the three surface has a significant effect only within the first correlation shell. The adsorption energy at the saddle points between the bulk-site closest to Al Ti and atop N sites decreases to −7.01 eV for the path in Fig. 16(a) , −6.81 eV in Fig. 16(b) , and −6.97 eV in Fig. 16(c) . Al, and N adatoms on TiN(0 0 1), (0 1 1), and (1 1 1) with and without the presence of substituted Al Ti surface atoms. For the discussion in this section, we use a fixed temperature T = 800 K, a reasonable value for TiN and TiAlN film growth, and also investigate the changes in D o , using a harmonic approximation, when an Al Ti atom is substituted into the three TiN surfaces. The details of the diffusion prefactor calculations are presented in Appendix Appendix A. Although the Al Ti atom affects both the diffusion prefactor and the diffusion barrier, adatom diffusivity is much less affected by the change in D o than the change in ∆E; the dominate factor is the exponential term which determines the success probability of a migration attempt. Based upon the diffusion activation barriers alone, Ti adatoms would be the fastest diffusing species. The Ti activation barrier is 0.06 eV lower than that of Al, however, Ti adatoms have three times as many adsorption sites. Although the differences in sites provide an extra complexity when comparing the adatom mobilities, we have taken this into account and come to the conclusion that, at T = 800 K, the Ti adatom jump frequency is 2.70× higher than the Al adatom jump frequency. Consistent with these results, we find that the Ti adsorption energy at the fourfold hollow sites closest to the Al Ti atom increases by 0.24 eV, 67% of ∆E Ti act . This creates a Ti trap at the fourfold hollow and the two adjacent bulk sites. Ti must perform a double jump via the bulk site adjacent to the Al Ti atom in order to escape. However, the barrier from the bulk site back to the Al Ti atom is only 0.03 eV which makes a jump back to the fourfold hollow site much easier than a jump away from it. Therefore, we can instead approximate the double hop as a single jump over an effective barrier of 0.60 eV, 167% of ∆E Ti act . At T = 800 K, the escape success rate from a trap site is only 2% compared to the success rate at a fourfold hollow site on pure TiN(0 0 1). However, even if a Ti adatom successfully escapes the trap and reaches the neighboring fourfold hollow site, from that site a jump back into the trap is just as likely as a jump to a next-neighbor bulk site; the barrier into the trap-site is as large as ∆E act . Thus, during film growth, a Ti adatom will be considerably delayed by the trap-sites increasing the probability that additional adatoms can reach the surface and react with it before it reaches a grain boundary.
Comparison of adatom dynamics on TiN and implications of Al

Adatom diffusion on pure and Al
The diffusivity of Al adatoms on the (0 0 1) surface is less affected than Ti adatoms by Al Ti substitution. The diffusion barrier between bulk sites adjacent to Al Ti decreases by 0.09 eV. A jump attempt over this barrier is 3× more likely to succeed than an attempt to jump over the activation barrier ∆E Al act . Thus, an Al adatom will stay longer at bulk sites adjacent to an Al Ti atom longer. However, the time spent there is much shorter than the time spent at a trap site.
Similar to the case for Al adatoms, the N adatom diffusivity on (0 0 1) is not strongly affected by Al Ti surface substitution. The diffusion barrier between threefold and fourfold hollow sites is increased by 0.11 eV. At 800 K, an attempt to migrate across this barrier is less likely to succeed than an attempt to migrate across the N diffusion activation barrier ∆E N act . For 28 successful attempts to migrate past the barrier between threefold and fourfold hollow sites adjacent to an Al Ti atom, 100 attempts will successfully migrate over ∆E N act . . From within the trap, the escape barrier is 0.28 eV higher than the activation barrier; this means that the probability to escape is only 2% of the probability to migrate from across the activation barrier. Therefore, an Al adatom trapped at this position is unlikely to escape before additional adatoms reach the surface.
The primary effect of Al Ti substitution on Ti/TiN(1 1 1) surface migration is an increased adsorption energy at the metastable atop Al Ti site. E ad is increased by 0.27 eV, which increases the diffusion barrier from the atop Al Ti to an adjacent bulk site by 0.15 eV to 0.86 eV. However, this is still only 52% of the Ti activation barrier. Thus, Ti adatom migration is not significantly affected by Al Ti substitution on TiN (1 1 1) .
N adatoms on the Ti-terminated TiN(1 1 1) surface experience weaker adsorption energies close to the Al Ti . Although the diffusion barriers leading away from the adjacent bulk and atop N sites are lower than the ones towards them, they are all lower than the activation barrier. Thus, as for Ti adatoms, N adatoms are not significantly affected by Al Ti substitution on TiN (1 1 1) .
Implications for TiN and TiAlN film growth
Our results show that E s , the energy per unit area (Sec. would expect that TiN(0 0 1) islands would exhibit a higher probability of expanding laterally, while
(1 1 1) islands would tend to grow more three dimensionally. This is also consistent with experimental results for TiN/SiO 2 film deposition carried out under conditions of minimal intrinsic growth stress. [60, 62] However, once island coalescence occurs, the effect is reversed. Since Ti adatoms have longer residence times on (1 1 1) than (0 0 1) surfaces, adatoms deposited near grain boundaries have a much higher probability of being captured on (1 1 1) grains. Thus, with continued deposition,
(1 1 1) grains slowly and inexorably overgrow (0 0 1) grains in a competitive growth mode leading to increasingly strong (1 1 1) preferred orientation as observed by x-ray diffraction studies as a function of film thickness and cross-sectional transmission electron microscopy analyses. [60, 62] We find that Al adatoms also have a higher mobility on TiN(0 0 1) than on TiN(1 1 1) (Sec. 4.2).
However, the kinetic advantage for Al adatoms contributing to the development of ( 1 1 (1 1 1) texture formation decreases. Overall, extrapolating from our results predicts that for growth of metastable NaCl-structure TiAlN films, (0 0 1) grains will tend to be more TiN rich than the average film composition, while (1 1 1) grains will be more AlN rich, with a decrease in the degree of (1 1 1) preferred orientation.
Although our results provide explanations for the experimentally observed shift from (1 1 1) toward (0 0 1) texture [6, 40] with increasing AlN content, and higher AlN content in (1 1 1) compared to (0 0 1) grains during TiAlN growth, [40] not all observations can be explained from these results alone. Clearly, additional studies of the effect of AlN substitution on, for example, mass transport over step edges and admolecule migration on TiAlN surfaces, and N concentration effects are necessary to develop a fuller understanding of surface diffusion processes controlling morphological evolution during TiAlN film growth. However, the insights gained in this work on Ti and Al adatom migration energetics, with and without Al Ti surface substitution in all three low index cubic planes, should help to provide an initial foundation for future research in this area.
Conclusions
Using first-principles calculations, we have investigated Ti, Al, and N adatom diffusion on pure In summary, the results of this investigation are intended to provide insights into effects regarding Ti, Al, and N adatom migration on both pure and Al-substituted TiN(0 0 1), (0 1 1), and ( 1 1 1) surfaces.
anharmonicity and collective lattice vibrations effects. However, dilute Al Ti substitution will not significantly influence such effects. Thus, the harmonic approximation provides qualitative insights into attempt frequency differences vs. adatom type, surface orientation, and Al Ti substitution.
Changes in the Ti, Al, and N attempt frequencies due to Al Ti substitution are all very small. The largest change is to ν Taken together, the differences in Ti and Al attempt frequencies are at most 33%, which, at 800 K, would give the same change in D as a change in the diffusion barrier by 0.076 eV. Thus, the primary effect of Al Ti substitution on adatom surface diffusion is due to changes in E act , not ν 0 . 
